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Abstract
Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by motor impairments. While phar-
macological treatments offer symptom alleviation, their long-term effectiveness is insufficient. Deep Brain Stimulation 
(DBS) is a neurosurgical treatment that targets brain pathways to alleviate motor symptoms in PD. It is a highly invasive 
procedure and carries associated risks. This prompts investigation of non-invasive alternatives, such as real-time func-
tional Magnetic Resonance Imaging (rt-fMRI) neurofeedback (NF). This work investigates the feasibility of using the 
basal ganglia, more specifically the putamen, a key structure in the motor network, as a potential NF target region. Two 
rt-fMRI studies were conducted: (i) Twelve healthy individuals participated in a single-blind, crossover study involving 
one MRI session targeting the putamen and the supplementary motor area (SMA) in separate runs. (ii) Twelve PD patients 
followed the same protocol but with three MRI sessions. We investigated whether participants could learn to voluntarily 
control brain activity through NF training. The PD patients successfully recruited the putamen during NF-reinforced motor 
imagery, which was also found at trend level in the healthy participants. We found no learning effect and no difference in 
putamen activation when it was directly targeted versus when the target signals came from the SMA. Overall, widespread 
cortical and subcortical areas involved in motor control were activated during neurofeedback. This study demonstrates 
for the first time that PD patients can modulate putamen activity through NF training, supporting its potential as a non-
invasive neuromodulation target. This opens opportunities for integrating invasive and non-invasive neuromodulation for 
PD treatment.

Keywords  Parkinson’s disease · Basal ganglia · Neurofeedback · Real-time fMRI · Deep brain stimulation · Motor 
imagery
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenera-
tive disorder primarily characterized by motor impairments 
and affecting both motor and non-motor functions. It is one 
of the most common and fastest growing neurodegenerative 
disorders, having a prevalence of 1–2 per 1000 and affecting 
1% of the population above 60 years of age (Lamptey et al., 
2022; Tysnes & Storstein, 2017). According to the PD fact 
sheet of the world health organization, the prevalence of PD 
has doubled in the past 25 years, estimating at 8.5 million 
individuals globally diagnosed with PD1. While dopami-
nergic pharmacological treatments have proven effective in 
alleviating some of the symptoms associated with PD (Con-
nolly & Lang, 2014), they are not without limitations such 
as response fluctuations and dyskinesias associated with 
increased disease duration (Beaulieu-Boire & Lang, 2015; 
Hametner et al., 2010). Thus, other approaches that target 
the underlying neuropathology of PD are of great interest in 
translational research.

Most research on the pathophysiology and treatment 
mechanisms of PD focuses on the basal ganglia (Obeso et 
al., 2008). In this context, deep brain stimulation (DBS) 
has emerged as a widely utilized surgical intervention for 
targeting neural pathways in PD (Bucur & Papagno, 2023; 
Mahlknecht et al., 2022). For PD, DBS involves the implan-
tation of electrodes in specific brain regions, most commonly 
the subthalamic nucleus (STN) or globus pallidus internus 
(GPi). These electrodes are then connected to a stimula-
tor which can send electrical pulses in specific sequences, 
and in some cases the resulting activity in the brain region 
can also be read back by these electrode probes (Little et 
al., 2013). This approach is most effective in ameliorating 
motor symptoms. However, DBS is an invasive procedure, 
necessitating brain surgery and continuous hardware main-
tenance. It also carries inherent risks and can elicit side 
effects, including cognitive and behavioral changes (Fenoy 
& Simpson, 2014; Moldovan et al., 2015; Saleh & Fontaine, 
2015). As such, there is growing interest in exploring non-
invasive methods that can replace or complement DBS for 
managing PD symptoms.

Advancements in functional magnetic resonance imag-
ing (fMRI) have allowed researchers to study neural pro-
cesses in humans at high spatial resolutions, non-invasively. 
Real-time fMRI (rt-fMRI) enables the measurement of 
whole brain functional activity online, and can be utilized 
to provide feedback to the participants for self-regulation 
training (Sitaram et al., 2017). This methodology is called 
neurofeedback (NF). NF enables patients to develop per-
sonal strategies that are most effective in regulating activa-
tion patterns in specific brain areas or networks. Participants 
can learn to voluntarily control these activation patterns, by 

receiving real-time information about their functional brain 
activity from a specified region of interest (ROI). There-
fore, it can provide an individually tailored intervention 
for neuromodulation (MacDuffie et al., 2018; Sorger et al., 
2018; Stoeckel et al., 2014). One key aspect in the design 
of rt-fMRI NF studies is the choice of an appropriate ROI. 
Since ROIs are the targeted region for regulation using NF 
training, they are often chosen based on their involvement 
in the cognitive process under study. For example, Linden 
and colleagues showed improvement in symptom scores of 
depression patients after NF training, using target regions 
associated with positive emotions such as ventrolateral 
prefrontal cortex and the insula (Linden et al., 2012). Gen-
erally, in patient studies a target region is selected that is 
associated with dysfunction in the studied disorder (Mehler 
et al., 2019; Paret et al., 2016; Zweerings et al., 2019). With 
regard to motor activations and related behavioral measures, 
one of the most studied ROIs in NF is the supplementary 
motor area (SMA) (Al-Wasity et al., 2021; Hampson et al., 
2011; Scharnowski et al., 2015). It is often chosen because 
of its established role in the motor network and its involve-
ment in planning and initiation of motor activities (Nachev 
et al., 2008).

As rt-fMRI NF shows promise of individualized train-
ing via self-regulation of affected brain regions, it has also 
been explored as a training method in PD. One of the first 
works to demonstrate the application of fMRI NF in PD was 
by Subramanian and colleagues. They showed feasibility of 
the NF method by showing active recruitment of the SMA 
during the training as well as behavioral outcome improve-
ments, such as the motor scale improvement of the Uni-
fied Parkinson’s Disease Rating Scale (Subramanian et al., 
2011). Following this, Buyukturkoglu and colleagues also 
demonstrated recruitment of the SMA, but with no clini-
cal outcome improvement, however, in their work only one 
PD patient was included (Buyukturkoglu et al., 2013). More 
recent research has replicated the feasibility of fMRI NF in 
PD, however, there are only a handful of studies demonstrat-
ing this (for a review see: (Anil et al., 2021)). Importantly, 
no previous study has targeted the basal ganglia directly in 
PD patients, although several structures within this region 
have been used as primary targets in studies using DBS, 
which is one of the most effective neuromodulation treat-
ments for PD. To bridge this gap in NF research, we aimed 
here to establish the basal ganglia as a viable target region 
for fMRI-based NF training.

Basal ganglia and more specifically the STN and the 
GPi were our initial targets as potential ROIs for NF due to 
their documented dysregulation in PD (Kühn et al., 2009; 
Vila et al., 1997), as well as being common DBS implan-
tation targets. We conducted a preliminary study to evalu-
ate the technical setup for detecting neural activity during 
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a NF paradigm. The findings from this study indicated that 
participants experienced relative difficulty in recruiting the 
two target regions during NF. In contrast, neural activity 
in the putamen showed greater responsiveness, and more 
effectively captured the NF training within the context of 
a motor-based paradigm. This outcome is not surprising 
since the putamen is a key structure within the basal ganglia 
responsible for regulating motor activities, whose function 
can be disrupted in PD (Fearnley & Lees, 1991; Kish et al., 
1988). The putamen is also directly linked with the substan-
tia nigra, a key brain region responsible for the production 
of dopamine, a neurotransmitter that plays a crucial role in 
regulating various systems within the central nervous sys-
tem, particularly those involved in motor control (Sonne et 
al., 2024). The substantia nigra pars compacta projects to 
the dorsal and posterior parts of the putamen. In fact, the 
degeneration of the putaminal dopamine is considered to 
directly affect motor effort in PD patients (Banwinkler et 
al., 2024). Consequently, the putamen has been shown to be 
functionally underactivated in PD (Herz et al., 2021).

These findings and considerations led to the putamen 
being selected as a candidate of interest for NF interventions 
in PD. Moreover, given its proximity to the DBS targets 
and its larger volume compared to most other basal ganglia 
regions, the putamen makes for a practical NF target within 
the subcortical motor control circuit. We designed two stud-
ies to investigate the feasibility of the putamen as a NF ROI 
and compare its recruitment during training to the SMA, 
which is an established cortical motor NF target ROI. Our 
goal in the first study was to establish basic feasibility of the 
methodology in recruiting subcortical regions for NF. We 
intended to identify any technical issues that would arise, 
minimize any risk associated with the method and optimize 
the protocol prior to applying it in a patient cohort. There-
fore, in the first study, we focused on implementing our 
methodology in a healthy cohort during a single MRI train-
ing session. In the second study we transferred our method 
to the patient cohort in a three-session experimental design. 
This enabled us to investigate any potential patient specific 
responses and was intended to test the feasibility of the 
putamen for future interventional trials. We hypothesized:

1.	 The participants would be able to activate the putamen 
during NF training using motor imagery.

2.	 The participants would learn to effectively self-regulate 
the putamen activity using the feedback provided.

3.	 We would observe similar activation patterns in both 
SMA and putamen, although, they would differ in their 
activation amplitudes. The rationale for this expecta-
tion was that both ROIs are part of the motor control 
network.

Methods

Participants

Healthy cohort study

We recruited twelve healthy volunteers (mean age: 
27.3 ± 4.2  years; 9 females) to the study. The participants 
were recruited using Maastricht University’s internal online 
research participation system and personal contacts.

All participants reported no acute psychiatric, neuro-
logical or medical disorders, nor contraindications to MRI. 
Vision was normal or corrected to normal. The experiment 
was designed according to the Code of Ethics of the World 
Medical Association (Declaration of Helsinki, 2008). The 
study protocol was approved by the Ethics Committee of 
the Faculty of Psychology and Neuroscience of Maastricht 
University. After complete description of the study to the 
subjects, written informed consent was obtained.

Patient cohort study

We recruited twelve volunteers (mean age: 60.5 ± 8.0 years; 
6 females) with a PD diagnosis according to the Move-
ment Disorders Society diagnostic criteria (Postuma et al., 
2015) to the patient cohort study. Participants were recruited 
through the Parkinson Vereniging, which is a Dutch Parkin-
son’s association, and through the Maastricht University 
Medical Center. All participants were assessed to be on the 
Hoehn and Yahr scale stage 1 – 2. All participants continued 
to take their regular medication following their schedule 
during the study.

All participants reported no acute psychiatric, neurologi-
cal (apart from PD) or medical disorders, nor contraindica-
tions to MRI. Vision was normal or corrected to normal. The 
experiment was designed according to the Code of Ethics 
of the World Medical Association (Declaration of Helsinki, 
2008). The study protocol was approved by the Ethics Com-
mittee of Maastricht University Medical Center. The study 
was pre-registered at clinicaltrials.gov (NCT05627895). 
After complete description of the study to the subjects, writ-
ten informed consent was obtained. One patient was later 
(after the experiment) reclassified as having an atypical 
dopamine deficiency.

Experimental design

Healthy cohort study

We conducted an experimental study assessing the ability 
to self-regulate components of the brain’s motor control 
network by NF in a single MRI session. After screening, 
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and during the putamen-ROI condition the feedback was 
given from the putamen. Two of the four NF runs were in 
the SMA-ROI condition and two were in the putamen-ROI 
condition. Runs in each condition always took place con-
secutively, i.e., either the first two runs were SMA-ROI and 
the last two runs were putamen-ROI or vice versa. This was 
counterbalanced among the participants in a pseudorandom-
ized manner. The participants were blind to which area was 
targeted in each run.

The anatomical run was used to standardize the indi-
vidual brain space into the Montreal neurological Institute 
(MNI) space and for defining the ROIs at a later stage. 
The localizer run was used to identify participant-specific 
ROIs for the NF runs. This run consisted of eleven resting 
blocks and ten activation blocks total, where each activa-
tion block was 30  s long. In five of the activation blocks 
participants were asked to physically open and close their 
hands, whereas in the remaining five they used motor imag-
ery. During the entire localizer run, the participants saw 

participants were invited to the MRI session, which was 
about two hours long. This included approximately one 
hour of scanning time with the remaining time used for 
preparation and debriefing. At the start of the MRI ses-
sion, all participants received standardized instructions to 
upregulate brain activity using motor imagery with NF. 
Each participant was free to choose their cognitive strat-
egies, the only guiding instruction they were given was 
“imagine performing actions with movement”, as the target 
ROIs were part of the motor network. Furthermore, they 
were instructed to refrain from executing movements and 
it was explained to them that the feedback being displayed 
reflects their mental activity with a few seconds of delay 
due to the hemodynamic response. when viewing their 
feedback on the display. The MRI session consisted of six 
measurements (Fig.  1): one anatomical run, one localizer 
run, and four NF runs. The NF runs were divided into two 
conditions: SMA-ROI and putamen-ROI. In the SMA-ROI 
condition the participants received feedback from the SMA 

Fig. 1  The design of the NF session, NF runs and block trials during the MRI measurement. The total measurement time in the scanner is approxi-
mately 60 min. The green/red arrows function as a cue and an activation target for participants to achieve during the full run
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controlled for physical body movement using electromy-
ography (EMG) measured on their dominant hand, and six 
participants were assessed using an eye tracking system 
for controlling oculomotor differences between the acti-
vate and rest conditions of the NF runs. For the EMG mea-
surements, a three-electrode arrangement was used. Two 
electrodes were placed on the dorsal side of the dominant 
hand of the participant, following a setup commonly used 
in motor-evoked potential studies. The positive electrode 
was proximal to the index digit, placed behind the metacar-
pophalangeal joint, and the negative electrode was placed 
proximal to the wrist. The ground electrode was placed on 
the lower leg of the participant, proximally above the talo-
crural joint. With this arrangement we captured activity in 
the dorsal interossei, particularly the first dorsal interosse-
ous muscle. The eye-tracking system was affixed onto the 
MRI scanner head coil and measured eye movement from 
the center of sight. The center was calibrated at the start of 
each NF run using a fixation cross at the center of the dis-
play. For the six participants with eye tracking, the resting 
blocks were modified so that they could also view the ROI 
activity on the thermometer bar.

Patient cohort study

The experimental design for this study followed the healthy 
cohort study with two major differences:

1)	 The number of total MRI sessions was increased to a 
maximum of three. Participants were invited for three 
NF training sessions, which were approximately 1 week 
apart (Fig. 2). In certain cases, due to scheduling con-
flicts, this delay between measurements could not be 
followed. If during the first MRI session, the partici-
pant was assigned the SMA-ROI condition followed by 
the putamen-ROI condition, in the following week this 
was reversed and vice versa. This was counterbalanced 
among the participants in a pseudorandomized manner. 
The participants were blind to the target areas.

2)	 Only the EMG was recorded for all twelve participants.

Materials and data acquisition

A Panasonic PT-EZ570U projector (Panasonic, Secaucus, 
NJ, USA) was used to display the paradigm to the partici-
pants. The image was projected onto an acrylic (DA-plex 
DA-100 WA) screen positioned towards the head opening 
of the scanner bore. The screen was 47 cm diagonally, dis-
played the feedback on a native 1900*1200 pixel resolu-
tion, and was viewed by the participant using a mirror. The 
participants’ eyes were approximately 5–10  cm from the 

an empty thermometer and did not receive any feedback. 
After the localizer run, an activation map was generated by 
contrasting all ten activation blocks against the rest blocks. 
The AAL atlas anatomical definitions of the SMA and the 
putamen were used to circumscribe the regions on this acti-
vation map, from which the individualized ROIs were sub-
sequently created.

The Turbo-BrainVoyager (TBV) software (version 4.2.0; 
BrainInnovation B.V., Maastricht, The Netherlands) plugin 
“Best Voxel Selection” was used to identify the best acti-
vated 300 voxels in each circumscribed region. This gener-
ated the two ROIs for the NF runs. This method allowed 
us to define an individualized ROI within the putamen and 
SMA for each participant, based on their unique activity 
patterns during the localizer run. Apart from the targeted 
ROI, all NF runs were identical. They consisted of seven-
teen blocks: eight regulation blocks and nine resting blocks, 
where all regulation blocks were 30 s each. The participants 
were instructed to upregulate (increase) their brain activ-
ity during the regulation blocks and achieve the maximum 
level of the thermometer (Fig. 1). Once they had achieved 
this, the participants were instructed to keep it at this level 
as long as possible. For the resting blocks, the participants 
were instructed to not think about anything specific and to 
let their mind wander freely. After each NF run, the par-
ticipants were asked what cognitive strategies they had used 
during the regulation blocks.

During all functional runs, the participants viewed a 
thermometer bar with ten divisions. The thermometer was 
white and displayed on a black background. The fill of the 
thermometer was grey colored, and the level of the fill rep-
resented activation strength in the ROI, with the maximum 
height of the thermometer scaled to 1% blood-oxygen-level-
dependent (BOLD) signal change. The thermometer level 
was updated each repetition time (TR) of the functional run 
(i.e., 1 s). The display of the thermometer level was updated 
smoothly, i.e., the BOLD signal change of the previous TR 
and the current TR were used to interpolate between the two 
values and display a smooth transition of the thermometer 
fill. Throughout the functional runs, the thermometer either 
had green or red symbols on its sides, indicating if it was 
a regulation or a resting block. Additionally, at the start 
of each block, participants saw a written instruction and a 
colored symbol, displayed for one second, informing them 
about the start of a new block.

Physiological controls

To enhance the robustness of our experimental design and 
minimize potential confounding variables, we introduced 
two additional controls for physical movement into the 
paradigm. In our cohort of twelve participants, six were 
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software. TBV was used for real-time online pre-processing 
and analysis of the BOLD signals. Rigid body transforma-
tions were used for motion correction relative to the first 
functional volume acquired from the localizer run. A 4-mm 
full width at half maximum (FWHM) kernel was applied 
for smoothing of functional data. For feedback presentation 
during the NF runs, the average percentage signal change 
(PSC) value was extracted from the respective ROI in TBV 
and transmitted to a separate computer dedicated for dis-
playing the feedback in real-time. This was done via a TCP/
IP network protocol over the local network to minimize any 
delays in transmission. The PSC value was then normalized 
to the display thermometer such that 1% PSC would fill the 
bar completely.

For the offline analysis of MRI data, we used BrainVoy-
ager (BV, version 22.2, Brain Innovation, Maastricht, the 
Netherlands). To investigate the specific effects of regula-
tion in the putamen and the SMA, ROI analyses were car-
ried out. The AAL atlas was used to anatomically define the 
putamen and the SMA. During the localizer run, the most 
activated 300 voxels (bilaterally) were selected within these 
two anatomically defined ROIs. These voxels formed the 
individual ROIs for the participants. Intensity inhomoge-
neity correction for anatomical images was applied before 
transforming them into MNI space. Standard pre-processing 
steps including scan-slice time correction with cubic spline 
interpolation and intra-session motion correction relative 
to the first volume of the first functional run with trilinear 
detection and sinc interpolation were applied. Realigned 
functional images were subsequently registered to the 

mirror, and the distance between the mirror and the screen 
was approximately 60 cm.

An Avotec Realeyes (RE5721) Binocular Eyetracking 
system (Avotec Inc., Stuart, FL, USA) was used for the ses-
sions with eye tracking and placed on top of the scanner coil. 
This system was connected to a dedicated computer where 
the ViewPoint EyeTracker® (version 2.9.5.311, Arrington 
Research, Scottsdale, AZ, USA) software recorded the eye 
movement data. For the EMG measurements a BrainAmp 
ExG system (Brain Products GmbH, Gilching, Germany) 
was used and the data was recorded using the BrainVi-
sion Recorder software (version 1.23.0003, Brain Products 
GmbH, Gilching, Germany) on a dedicated computer.

A 3-T Siemens-Prisma fit scanner with a 64-channel head 
coil was used for the measurements. Anatomical images 
were acquired with a magnetization prepared rapid acquisi-
tion gradient echo sequence (TR = 2250 ms; TE = 2.21 ms; 
FoV = 256 mm; 1 mm isotropic voxel size; GRAPPA fac-
tor = 2). Each functional run was acquired using a multiband 
echo planar imaging sequence with the following param-
eters: TR = 1000  ms; echo time = 31  ms; matrix = 90 × 90; 
slices = 48 with multiband factor = 4; flip angle = 62°; and 
transversal slice orientation. The localizer run had 636 vol-
umes whereas the NF runs had 512 volumes.

Measures and statistical analysis

For updating the display of the thermometer bar, recon-
structed DICOM images were transmitted in real-time from 
the scanner computer to a dedicated computer with the TBV 

Fig. 2  The patient cohort study 
invited participants to three ses-
sions of NF training approximately 
one week apart. Participants were 
blind to the condition and the order 
of the runs reversed each week
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exploratory whole brain analysis to investigate the spatial 
activation patterns during the NF training. T-maps for the 
contrasts of interest at the group level were created with a 
voxel-wise thresholding of p < 0.05.

Results

Healthy cohort study

ROI performance

We performed an ROI analysis for each of the target regions 
(putamen and SMA) in the runs in which they were the tar-
get ROIs. We compared the activation during NF blocks 
with that during resting blocks of the same runs (NF > Rest). 
The putamen showed trend-level activation during the NF 
blocks (T(11) = 2.18, p = 0.052) when the putamen was tar-
geted, whereas SMA activation was non-significant in the 
SMA-ROI runs (T(11) = 1.438, p = 0.18). Since both regions 
are part of the motor control network, we also looked at puta-
men and SMA activations when the region was not the tar-
get ROI, i.e., putamen activation during the SMA-ROI runs 
and vice versa. In this contrast, the putamen was not acti-
vated significantly when SMA was targeted (T(11) = 1.07, 
p = 0.31) whereas the SMA was significantly activated dur-
ing the NF blocks targeting the putamen (T(11) = 2.309, 
p = 0.041). Finally, we wanted to compare the performance 
of the putamen during both conditions and defined a group 
contrast for putamen runs compared to the SMA runs. The 
putamen was not significantly more activated in the puta-
men-ROI runs than in the SMA-ROI runs (T(11) = 1.22, 
p = 0.25). These findings have been summarized in Table 1.

Physiological controls

EMG activations were extracted per participant per ses-
sion and averaged across participants. One participant had 
incomplete data due to a technical error during recording of 
the EMG, so the EMG activation plot for the MRI session is 
only averaged over 5 participants (Figs. 3,4). To determine 
if there was a difference in the movement between the local-
izer and NF tasks, we separated the EMG data into blocks 
in MATLAB and then compared their average amplitudes. 
Importantly, there was no difference between the NF blocks 
and the resting blocks (t(4) = 0.78, p = 0.48). However, there 
was trend-level increase of the EMG activity in the physical 
hand movement condition compared to the imagery condi-
tion in the localizer run (t(4) = 2.62, p = 0.059) and compared 
to the NF blocks (t(4) = 2.57,  p = 0.062). When looking at 
the eye movement data for the remaining six participants 
(Fig. 5), we found that the vertical gaze movement was not 

corresponding anatomical image, and spatially smoothed 
with a 7 mm Gaussian full width at half maximum kernel. 
To account for T1-saturation effects, the first 10 volumes of 
each scanning session were not considered. The acquired 
images were subjected to a general linear model (GLM) 
for each subject. On the group level, ROI GLM analyses 
were performed for both ROIs (pFWE < 0.05). T-tests were 
performed to assess the specific effects of regulation in both 
ROIs.

We used BrainVision Analyzer (version 2.2, Brain Prod-
ucts GmbH, Gilching, Germany) to preprocess and analyze 
the EMG data. MR-Artifact correction was applied to all 
runs using default values; data was downsampled from 
a sampling frequency of 5000–250  Hz, a finite impulse 
response filter was used with a cut-off frequency of 40 Hz 
and the data was synced to the scanner using an MR trigger. 
The data was then root mean squared and segmented into 
1  s intervals using the MR triggers. It was then exported 
to MATLAB (Release R2022b, version 9.13; MathWorks, 
Inc., Natick, MA, United States) for plotting and analysis. 
Paired sample t-tests with a threshold of p < 0.05 were com-
puted between the localizer hand movement blocks and (i) 
localizer imagery blocks, (ii) NF blocks and (iii) rest blocks.

The ViewPoint EyeTracker® recorded data in a text file, 
which was parsed into MATLAB and processed. The data 
was first synchronized to the MRI scan using volume triggers 
recorded in the text file. The data was sampled at 60 Hz. We 
extracted the corrected gaze variable which includes stan-
dard eye tracking preprocessing (i.e., Exponential moving 
average smoothing with 4 timepoints) and pupil segmenta-
tion already performed. Since the thermometer only moved 
in the vertical direction, the data from the vertical axis of the 
eyes was extracted. We then defined a threshold for the ver-
tical eye movement. If the gaze wandered more than 30% of 
the distance from the center of the screen in either vertical 
direction, we considered that as significant gaze movement. 
The total number of times that each participant had signifi-
cant gaze movement was then recorded for each block (NF 
and rest) and averaged across participants. A paired sample 
t-test with a threshold of p < 0.05 was performed between 
the NF and rest blocks.

To evaluate the learning effect on NF performance, a full 
factorial repeated-measures analysis of variance (ANOVA) 
was performed. The 2 factors used were the effect of ses-
sion and the effect of ROI. Lastly, we also performed an 

Table 1  Summary of the group level ROI analyses for the putamen and 
the SMA regions in the healthy cohort
ROI Putamen Runs > Rest SMA Runs > Rest
Putamen T(11) = 2.18, p = 0.052 T(11) = 1.07, p = 0.31
SMA T(11) = 2.309, p = 0.041 T(11) = 1.438, p = 0.18

Putamen runs > SMA runs
Putamen T(11) = 1.22, p = 0.25
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Event related averages

To study the NF modulation across runs, we extracted the 
Event Related Averages (ERA) for the putamen and SMA 
regions in both conditions (Fig. 6). The NF and rest blocks 

significantly different between the NF and the resting blocks 
(t(5) = − 1.51, p = 0.19).

Fig. 4  Average EMG activations 
over the different blocks within 
the localizer and NF runs for the 
healthy cohort. Error bars represent 
standard deviation

 

Fig.  3  Averaged group EMG activations over the MRI session. The 
initial peaks correspond to the first five blocks of the localizer where 
the participants were asked to move their hands in a squeezing motion. 

The remaining five blocks of the localizer run as well as all the NF runs 
only used motor imagery as an activation strategy
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both lasted 30 s. ERAs were extracted per participant per 
run and subsequently averaged across participants.

Cognitive strategies

After each NF run, the participants were asked to report the 
cognitive strategies they employed during the NF training. 
Their responses were recorded and broadly categorized into 
the following categories:

1.	 Exercise/Full body sport: This involved participants 
imagining performing physical exercises or engaging in 
sports that require full body exertion, such as running, 
swimming, playing football or working out at the gym.

2.	 Walking/Moving: In this strategy, the participants imag-
ined general everyday movements such as walking, 
going to the store, and moving around the house.

3.	 Hand usage: This involved participants imagining or 
mentally rehearsing motor tasks or activities that pri-
marily involve the hands, such as preparing food, grip-
ping objects, or manipulating tools.

Fig. 6  Percentage BOLD signal change during the NF blocks and the 
resting blocks for the healthy cohort. X axis represents seconds from 
onset of the neurofeedback block. The blue line indicates the putamen 
time course during the putamen-ROI runs. The yellow line indicates 

the putamen time course during the SMA-ROI runs. The orange line 
shows the SMA time course during the putamen-ROI runs while the 
green line shows the SMA time course during the SMA-ROI runs. The 
error bars represent standard error of the mean

 

Fig. 5  Average number of vertical significant gaze movement for the 
six participants with this movement control. The gaze movements 
were counted for both blocks in all runs and then averaged across 
participants
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SMA failed significance (T(11) = 1.83, p = 0.094). We also 
looked at putamen and SMA activations when the region 
was not the target ROI, i.e., putamen activation during the 
SMA-ROI runs and vice versa. In this contrast, the puta-
men and the SMA regions both showed trend-level activa-
tion [Putamen: T(11) = 2.07, p = 0.063; SMA: T(11) = 2.07, 
p = 0.063]. Finally, we wanted to compare the performance 
of the putamen during both conditions and defined a group 
contrast for putamen runs compared to the SMA runs. The 
putamen was equally activated in the putamen-ROI and 
SMA-ROI runs (T(11) = − 0.27, p = 0.80). These findings 
have been summarized in Table 2.

We performed a two factorial repeated measures ANOVA 
to evaluate the effect of the number of sessions and ROI on 
NF training (Fig. 8). The analysis did not reveal any statis-
tically significant difference of the factors session or ROI 

4.	 Observing movement: This strategy involved par-
ticipants imagining themselves observing or watching 
others perform movements rather than engaging in the 
action themselves.

5.	 Speech: In this strategy, participants mentally simulated 
speaking or engaging in verbal communication.

6.	 Dancing: Participants employing this strategy mentally 
rehearsed or simulated dancing.

The distribution of these strategies is presented in Fig.  7, 
which visualizes each category as a percentage of all strate-
gies reported.

Patient cohort study

ROI performance

Similar to the analysis of the health participants, we per-
formed an ROI analysis for each of the putamen and the SMA 
regions in their respective runs. We compared the activation 
during NF blocks with that during resting blocks of the same 
runs (NF > Rest) The putamen was significantly activated 
during the NF blocks (T(11) = 2.63, p = 0.023), whereas the 

Table 2  Summary of the group level ROI analyses for the putamen and 
the SMA regions in the patient cohort
ROI Putamen Runs > Rest SMA Runs > Rest
Putamen T(11) = 2.63, p = 0.023 T(11) = 2.07, p = 0.063
SMA T(11) = 2.07, p = 0.063 T(11) = 1.83, p = 0.094

Putamen runs > SMA runs
Putamen T(11) =  − 0.27, p = 0.80

Fig. 7  Distribution of self-reported cognitive strategies employed by healthy participants during the NF training runs
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Whole brain level exploratory analysis

An exploratory whole-brain level analysis was performed to 
assess the spatial coverage of the brain activations through 
the NF training. This analysis was performed on both 
cohorts and separately for each ROI condition. The T-con-
trast was NF blocks as compared to resting blocks in their 
respective condition. All contrasts shown in Fig. 12 are have 
a voxel-level threshold of p < 0.05. The p-value is not cor-
rected for multiple comparisons. Both groups showed acti-
vation of the SMA, insula and basal ganglia (with a focus on 
putamen and thalamus), with a left-sided preponderance in 
the patient group (Fig. 12, columns C and D).

Cognitive strategies

After each NF run, the participants were asked to report the 
cognitive strategies they employed during the NF training. 
Their responses were recorded and broadly categorized into 
the following categories:

1.	 Exercise/Full body sport: This involved participants 
imagining performing physical exercises or engaging in 
sports that require full body exertion, such as running, 
swimming, playing football or working out at the gym.

2.	 Walking/Moving: In this strategy, the participants imag-
ined general everyday movements such as walking, 
going to the store, and moving around the house.

3.	 Hand usage: This involved participants imagining 
or mentally rehearsing motor tasks or activities that 

in the NF training, nor did it reveal any significant interac-
tion [Session: F(2,22) = 0.43, p = 0.66; ROI: F(1,11) = 3.61, 
p = 0.08; Session*ROI: F(2,22) = 1.67, p = 0.21].

EMG movement control

EMG activations were extracted per participant per session 
and averaged across participants (Fig. 9). Due to a technical 
error during recording of the EMG, there was incomplete 
data from 5 sessions. To determine if there was a significant 
change in the movement during the localizer and NF tasks, 
we separated the EMG data into different blocks in MATLAB 
and then compared their average amplitudes (Fig. 10). There 
was a significant difference between the localizer hand move-
ment blocks and the localizer imagery blocks as well as the 
NF blocks [Loc-Hand > Loc-Img: t(11) = 3.55,  p = 0.0046; 
Loc-Hand > NF:  t(11) = 2.57, p = 0.0037]. As in the healthy 
control group, there was no significant difference between 
the NF blocks and the resting blocks (t(11) = -0.96, p = 0.36).

Event related averages

Similar to the healthy cohort, we extracted the ERAs for 
the putamen and the SMA in both conditions (Fig. 11). The 
NF block lasted 30  s as well as the resting block. These 
blocks are visually separated, and Fig. 11 shows the ERA 
response of the patient cohort. ERAs were extracted per par-
ticipant per run while taking movement confound predictors 
into account and subsequently averaged per session across 
participants.

Fig. 8  Effect of session on the NF 
training in the Putamen and SMA 
ROI conditions. The beta values 
represent the NF > rest condition 
of the ROI GLM. The scatter plot 
overlay shows individual betas 
whereas the line plot represents 
the average. Error bars represent 
standard deviation
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Fig. 10  Average EMG activations 
over blocks within the localizer 
and NF runs for the patient cohort. 
Error bars represent standard 
deviation

 

Fig. 9  Averaged group EMG activations over all MRI sessions. The 
initial peaks correspond to the first five blocks of the localizer where 
the participants were asked to move their hands in a squeezing motion. 

The remaining five blocks of the localizer run as well as all the NF runs 
only used motor imagery as an activation strategy
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5.	 Singing: This strategy involved participants imagining 
or mentally rehearsing singing.

6.	 Dancing: Participants employing this strategy mentally 
rehearsed or simulated dancing.

7.	 Cognitive task: This involved participants engaging 
in tasks that require active cognitive processing. This 

primarily involve the hands, such as preparing food, 
gripping objects, or manipulating tools.

4.	 Observing movement: This strategy involved par-
ticipants imagining themselves observing or watching 
others perform movements rather than engaging in the 
action themselves.

Fig. 12  MNI brain showing: A 
Activation map in the healthy 
cohort for the Putamen ROI 
condition and NF > Rest contrast. 
B Activation map in the healthy 
cohort for the SMA ROI condition 
and NF > Rest contrast. C Activa-
tion map in the patient cohort for 
the Putamen ROI condition and 
NF > Rest contrast. (D) Activation 
map in the patient cohort for the 
SMA ROI condition and NF > Rest 
contrast. The p-value is not cor-
rected for multiple comparisons. 
All contrasts have a voxel-level 
threshold of p < 0.05

 

Fig. 11  Percentage BOLD signal 
change during the NF blocks and 
the resting blocks for the patient 
cohort. X axis represents seconds 
from onset of the neurofeedback 
block. The blue line indicates the 
putamen time course during the 
putamen-ROI runs. The yellow line 
indicates the putamen time course 
during the SMA-ROI runs. The 
orange line shows the SMA time 
course during the putamen-ROI 
runs while the green line shows the 
SMA time course during the SMA-
ROI runs. The error bars represent 
standard error of the mean
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between NF and rest in the SMA ROI condition, contrary 
to our expectations and established literature highlighting 
the SMA as a successful target ROI (Park et al., 2015). In 
general, it seems that imagery-based activation of the motor 
control network was achieved, considering the relatively 
focused activation of SMA and motor parts of the basal gan-
glia documented in Fig. 11 (columns A and B). During the 
putamen ROI condition, we also observed significant acti-
vation in the SMA. This coactivation was expected, given 
that both regions are part of the motor control network (Xie 
et al., 2015). Finally, the putamen was equally activated in 
the SMA-ROI and putamen-ROI runs, further reinforcing 
the functional interconnectivity between the regions.

If we examine the activations of the regions in their 
respective ROI conditions over the time course of the NF 
blocks, we see that the SMA shows higher activation than 
the putamen. During the resting blocks, the activation pat-
terns of the SMA and putamen diverge. The putamen appears 
to maintain stability and shows resilience to the transition 
between activation and relaxation blocks, whereas the SMA 
shows another increase in activation, occurring after the 
characteristic hemodynamic delay. This result is in line with 
the less specific activation patterns of the SMA (Nachev et 
al., 2008), which might signal any task switch, in this case 
from imagery to rest. This suggests that the putamen can be 
a better NF target candidate than the SMA since it better dif-
ferentiates the NF blocks from the rest blocks. Furthermore, 
when observing the activation patterns of these regions for 
runs in which they were not the target, we see that they 
continue to follow a similar trajectory, consistent with their 

could include tasks like mental arithmetic, decision-
making, or meditation.

The distribution of these strategies is presented in Fig. 13, 
which visualizes each category as a percentage of all strate-
gies reported.

Discussion

This study aimed to expand the opportunities for self-reg-
ulation training of the motor control network with fMRI-
neurofeedback. It explored the viability of the putamen as 
a potential ROI for fMRI-based NF training in PD. Using 
a within-subject design we compared the recruitment of the 
putamen ROI with that of the SMA ROI during neurofeed-
back-guided motor imagery and were able to show signifi-
cant activation of the targeted putamen region during NF 
runs in the patient cohort as well as a trend level activation 
in the healthy cohort.

Healthy cohort study

Participants were able to recruit the putamen during NF 
training, although the observed activation reached only 
trend level. We suspect that this can be partially attributed 
to the relatively small number of participants and a single-
session design, the duration of which was insufficient for 
participants to adequately use the NF training to develop 
individualized cognitive strategies (Stoeckel et al., 2014). 
This idea is further supported by the failed differentiation 

Fig. 13  Distribution of self-reported cognitive strategies employed by patients during the NF training runs
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This finding supports the growing interest in subcortical 
structures as targets for NF in neurological disorders. Sub-
ramanian et al. (2011) were among the first to demonstrate 
the feasibility of NF in PD patients, showing recruitment of 
the SMA with associated motor improvements. However, 
direct targeting of the basal ganglia, including the putamen, 
has been less explored in NF literature. Our study contrib-
utes to filling this gap by demonstrating that PD patients can 
indeed modulate putamen activity through NF, suggesting 
its potential as a non-invasive target for neuromodulation in 
PD. This is especially relevant given the role of the putamen 
in motor control and its relevance to the pathophysiology 
of PD.

This difference in activation amplitudes was expected 
due to the inherent difficulty of accessing a subcortical 
structure as a NF target region (de Hollander et al., 2017). 
Taking both cohorts’ temporal activation patterns together, 
our findings suggest a differentiation between initial effort 
and sustained effort. Participants generally appear capa-
ble of successfully regulating target activity at the start of 
the NF blocks, maintaining regulation for approximately 
the initial fifteen seconds. However, sustaining this effort 
beyond the initial phase seems to be particularly challeng-
ing. This might stem from the participants possibly trying 
varying strategies during the NF blocks, general habituation 
effects or natural difficulty in maintaining continuous regu-
lation over longer durations.

Patients did not show substantial improvements in their 
ability to regulate brain activity over time. This finding is 
consistent with some previous studies that have reported a 
lack of significant session-to-session improvement in NF 
performance, particularly in clinical populations (Sitaram 
et al., 2017). Because of the limited training time and the 
imperative to minimize patient frustration we instructed 
patients to engage in motor imagery as a strategy for upreg-
ulation. These instructions may have obviated the need for 
initial instrumental learning and contributed to high activa-
tion levels from the outset. It has been suggested that neu-
roplastic changes induced by NF and further performance 
improvement may require more extended or intensive 
training protocols to manifest significantly (Stoeckel et al., 
2014).

In the patient cohort, we found that the EMG results were 
consistent with those of the healthy cohort, showing no sig-
nificant differences in muscle activity during the NF and 
resting blocks. With more data collected from the additional 
sessions in the patient cohort we can further state the robust-
ness of the EMG recordings. This strongly suggests that the 
patient cohort successfully adhered to the NF instructions 
without engaging in overt physical movements, and con-
firms earlier results (Mehler et al., 2019; Subramanian et 

interconnected roles within the motor network (Watkins & 
Jenkinson, 2016).

We minimized the potential confounding effects of invol-
untary or voluntary physical movements by monitoring 
physiological activity. We saw that during the NF runs, the 
EMG showed no significant difference in muscle activity 
between the NF blocks and the resting blocks. This indi-
cates that the participants were successfully adhering to the 
NF instructions without engaging in overt physical move-
ments that could have potentially confounded the fMRI data 
(Friston et al., 1996; Goebel, 2021). This suggests that the 
EMG data served as a robust control for physical move-
ment. The eye-tracking results indicated that there were 
no significant differences in the number of significant gaze 
movements between the NF and resting blocks. This find-
ing suggests that participants monitored the thermometer 
display throughout the NF sessions, without excessive eye 
movements.

Patient cohort study

We hypothesized that increasing the number of sessions 
would enhance the overall learning effect, providing the 
patient cohort with additional trials to engage in NF train-
ing and improve their ability to regulate the target regions. 
Additionally, given the feasibility nature of this work, the 
inclusion of the SMA as a positive control was intention-
ally retained to ensure that the putamen NF results could be 
contextualized against a well-studied region in motor-based 
NF paradigms.

Patients with PD were able to recruit the putamen dur-
ing the NF blocks, highlighting its potential as a target for 
NF interventions in PD. We also saw that the SMA was 
activated at a trend level during the SMA ROI condition. 
Furthermore, in the case that the region was not the target 
ROI in the condition, both the putamen and SMA showed 
trend level activations. This is in line with our finding from 
the healthy cohort as well as the region’s functional roles 
in the motor (imagery) network (Haber, 2016). Similarly, 
we also saw that the putamen was not significantly differ-
ently activated in either ROI condition. In the patient cohort 
while inspecting the percentage BOLD signal change over 
the NF blocks for SMA and putamen targets, we see a simi-
lar activation pattern as in the healthy participant group. The 
difference in activation levels between the ROIs suggest that 
the SMA can be comparatively easier to modulate through 
motor imagery NF, while the putamen may require more 
tailored training protocols or extended sessions to achieve 
similar results. However, the putamen may also be more 
specific to actual imagery training given its lower activation 
during the resting period compared to the NF period.
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plays a role in determining success of the training (Mathiak 
et al., 2015).

Methodological framework

The primary objective of the present study was to assess 
the methodological feasibility of targeting the putamen for 
real-time fMRI NF training in individuals with Parkinson’s 
disease. To this end, the experimental design was inten-
tionally focused on the viability of the NF protocol, rather 
than on examining clinical efficacy or treatment outcomes. 
Therefore, the study deliberately minimized the inclusion of 
detailed clinical assessments. While these clinical param-
eters are undoubtedly critical in therapeutic and transla-
tional contexts, they were considered beyond the scope of 
this foundational investigation. This feasibility study aimed 
to establish methodological groundwork that could inform 
and enable future research to investigate the relationship 
between individual clinical characteristics and the capacity 
to regulate putamen activity through NF training.

Limitations

Our goal was investigating the viability of the putamen as a 
potential NF target. This study was an essential first step in 
that direction and focused on the implementation of the NF 
method for the subcortical target. Given the methodological 
focus of this study, the sample size, while within an accept-
able range for this purpose, represents a limitation and 
highlights the need for future work investigating the more 
mechanistic aspects of using basal ganglia as NF targets in 
PD patients (Tursic et al., 2020).

The study utilized a single-session design for the healthy 
individuals, which might not have provided sufficient time 
for participants to fully develop and optimize cognitive strat-
egies for NF training. This aspect was alleviated somewhat 
in the patients, who had multiple sessions for NF training, 
as we see the activations in the SMA trend more towards our 
expectations from previous work. The exploratory analysis 
was uncorrected for multiple comparisons. With such a lim-
ited sample size it was apparent that detection of effects at 
the whole brain level when applying stringent corrections 
for multiple comparisons would not be possible. This analy-
sis is intended solely as a preliminary indication of poten-
tial whole-brain activation patterns. It serves to inform and 
guide the design of future studies that are appropriately 
powered and structured for such comprehensive analyses.

There was no active control introduced for the NF effect 
in this study, and therefore, we are not able to distinguish 
between the effects of motor imagery and NF. No sham 
feedback condition was implemented as this might frustrate 

al., 2011) indicating that NF success in PD is not coupled to 
voluntary or involuntary movements.

Exploratory analysis

The whole-brain analysis revealed a consistent pattern of 
brain activation across both cohorts during the NF training. 
Key regions include the supplementary motor area (SMA), 
insula, the basal ganglia, (particularly the putamen) and the 
thalamus. The SMA’s involvement is unsurprising, given 
its well-established role in motor planning and execution 
(Kornhuber & Deecke, 1965; Pfurtscheller & Berghold, 
1989). The insula is associated with interoception and 
autonomic control, and its involvement might be crucial in 
achieving the desired NF performance via effective brain 
activations (Uddin et al., 2017). The activation of the basal 
ganglia structures, and particularly the putamen, even when 
it was not the target, aligns with their role in habit formation 
and reward-based learning (Ghandili & Munakomi, 2023; 
Watkins & Jenkinson, 2016). The observation of more lat-
eralized activations in the patients might be a component 
of PD or related to side of symptom onset, however, due to 
the scope of this study a detailed documentation of symp-
tom laterality was not conducted and therefore this remains 
conjecture. If such symptomology plays a role, it will ben-
efit future research to possibly train the left and right puta-
men, and/or the SMA, independently. This approach could 
be particularly beneficial for the hemisphere exhibiting 
reduced activity, potentially yielding greater improvements 
in both behavioral and clinical outcomes. It is also plausible 
that individual differences in brain organization or cognitive 
strategies could contribute to such lateralized patterns in a 
relatively small group, such as the one in our study.

Cognitive strategies

We saw from the self-reported cognitive strategies during NF, 
that the participants employed a diverse range of approaches 
to achieve NF success, from physical simulations like exer-
cise, sports and dancing to cognitive approaches such as 
mental arithmetic and simulating conversations. This varia-
tion highlights the individual differences in cognitive pro-
cessing of memory, information, training and regulation 
strategies. This is a key strength of the NF method which 
takes advantage of the plasticity of the brain and allows for a 
highly personalized approach for self-regulating brain activ-
ity (Loriette et al., 2021). This approach ensures that each 
participant can engage with NF in a way that resonates with 
their unique cognitive processes, maximizing the poten-
tial for success. This can be a crucial aspect, especially in 
patient cohorts where engagement in the applied method 
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patients and/or exaggerate induced effects in the NF con-
dition. Additionally, it is well established that no single 
control condition can comprehensively account for all the 
mechanisms that may influence NF outcomes (Sorger et al., 
2019).

This underscores the need for larger-scale studies with 
calibrated session durations and frequency, along with the 
implementation of one or more control conditions. Such 
future work can assess the therapeutic potential of NF train-
ing as a non-invasive alternative for Parkinson's disease 
patients.

Conclusion

This study has for the first time demonstrated the potential 
of the putamen as a viable neurofeedback target for patients 
with Parkinson’s disease. The patients successfully learned 
to self-regulate the putamen, suggesting its potential for 
individualized non-invasive neuromodulation. These find-
ings contribute to the growing body of evidence support-
ing the use of neurofeedback in subcortical structures for 
the management of neurological disorders. Future studies 
with larger sample sizes, extended training protocols, and 
broader control conditions are essential to validate these 
findings and to explore the therapeutic potential of this 
approach in clinical settings.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​4​8​4​-​0​
2​5​-​0​9​7​4​7​-​5.

Acknowledgements  We thank the Scannexus facility for their techni-
cal support with the MRI setup and acquisitions, and in particular Rick 
Voncken from their team. We are grateful to representatives and advi-
sors from the Dutch Parkinson Association (Monique Bosman, Han-
nie Meijerink and Paulus Bakx) for their invaluable input during all 
aspects of this work as well as their help with recruitment. We would 
also like to thank Brendan Santyr, Robert Jech, Alessandro Bongio-
anni, and Veerle Visser-Vandewalle from the Neuripides consortium 
for their guidance, collaborative efforts and insightful feedback in 
shaping this work.
Neuripides Study Group: Andres M. Lozano5, Josef Mana6, Bechir 
Jarraya7, Ricardo Loução8, Martin Kocher8, Veerle Visser-Vande-
walle8, Tolga Cukur9.
5Division of Neurosurgery, Department of Surgery, University of 
Toronto, Toronto, ON, Canada. 6Department of Neurology and Cen-
tre of Clinical Neuroscience, First Faculty of Medicine and General 
University Hospital in Prague, Charles University, Prague, Czech 
Republic. 7Cognitive Neuroimaging Unit, CEA, INSERM, Univer-
sité Paris-Saclay, NeuroSpin Center, 91191, Gif-Sur-Yvette, France. 
8Centre for Neurosurgery, Department of Stereotactic and Functional 
Neurosurgery, Faculty of Medicine, University and University Hos-
pital of Cologne, Cologne, Germany. 9Department of Electrical-Elec-
tronics Engineering, National Magnetic Resonance Research Center 
(UMRAM), Bilkent University, Ankara, Turkey.

Author contributions  H.B. wrote the manuscript text and prepared all 

1 3

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1523/ENEURO.0377-18.2020
https://doi.org/10.1523/ENEURO.0377-18.2020
https://doi.org/10.3390/brainsci11101292
https://doi.org/10.3390/brainsci11101292
https://doi.org/10.1093/brain/awae214
https://doi.org/10.1093/brain/awae214
https://doi.org/10.1007/s10484-025-09747-5
https://doi.org/10.1007/s10484-025-09747-5


Applied Psychophysiology and Biofeedback

the subthalamic nucleus of patients with Parkinson’s disease 
relates to both bradykinesia and rigidity. Experimental Neurol-
ogy, 215(2), 380–387. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​x​p​​n​e​u​​r​o​l​.​​2​0​​0​8​.​
1​1​.​0​0​8

Lamptey, R. N. L., Chaulagain, B., Trivedi, R., Gothwal, A., Layek, 
B., & Singh, J. (2022). A review of the common neurodegenera-
tive disorders: Current therapeutic approaches and the potential 
role of nanotherapeutics. International Journal of Molecular Sci-
ences, 23(3), 1851. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​3​0​3​1​8​5​1

Linden, D. E. J., Habes, I., Johnston, S. J., Linden, S., Tatineni, R., 
Subramanian, L., Sorger, B., Healy, D., & Goebel, R. (2012). 
Real-time self-regulation of emotion networks in patients with 
depression. PLoS ONE, 7(6), Article e38115. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
3​7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​0​3​8​1​1​5

Little, S., Pogosyan, A., Neal, S., Zavala, B., Zrinzo, L., Hariz, M., 
Foltynie, T., Limousin, P., Ashkan, K., FitzGerald, J., Green, A. 
L., Aziz, T. Z., & Brown, P. (2013). Adaptive deep brain stimula-
tion in advanced Parkinson disease. Annals of Neurology, 74(3), 
449–457. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​a​n​​a​.​2​3​9​5​1

Loriette, C., Ziane, C., & Ben Hamed, S. (2021). Neurofeedback for 
cognitive enhancement and intervention and brain plasticity. 
Revue Neurologique, 177(9), 1133–1144. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​
/​j​.​​n​e​u​r​o​l​.​2​0​2​1​.​0​8​.​0​0​4

MacDuffie, K. E., MacInnes, J., Dickerson, K. C., Eddington, K. M., 
Strauman, T. J., & Adcock, R. A. (2018). Single session real-time 
fMRI neurofeedback has a lasting impact on cognitive behavioral 
therapy strategies. NeuroImage: Clinical, 19, 868–875. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​i​c​l​.​2​0​1​8​.​0​6​.​0​0​9

Mahlknecht, P., Foltynie, T., Limousin, P., & Poewe, W. (2022). How 
does deep brain stimulation change the course of Parkinson’s dis-
ease? Movement Disorders, 37(8), 1581–1592. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​0​2​​/​m​d​​s​.​2​9​0​5​2

Mathiak, K. A., Alawi, E. M., Koush, Y., Dyck, M., Cordes, J. S., 
Gaber, T. J., Zepf, F. D., Palomero-Gallagher, N., Sarkheil, P., 
Bergert, S., Zvyagintsev, M., & Mathiak, K. (2015). Social 
reward improves the voluntary control over localized brain activ-
ity in fMRI-based neurofeedback training. Frontiers in Behav-
ioral Neuroscience. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​n​​b​e​h​.​2​0​1​5​.​0​0​1​3​6

Mehler, D. M. A., Williams, A. N., Krause, F., Lührs, M., Wise, R. 
G., Turner, D. L., Linden, D. E. J., & Whittaker, J. R. (2019). 
The BOLD response in primary motor cortex and supplementary 
motor area during kinesthetic motor imagery based graded fMRI 
neurofeedback. NeuroImage, 184, 36–44. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​
/​j​.​​n​e​u​​r​o​i​​m​a​g​e​​.​2​​0​1​8​.​0​9​.​0​0​7

Moldovan, A.-S., Groiss, S. J., Elben, S., Südmeyer, M., Schnitzler, 
A., & Wojtecki, L. (2015). The treatment of Parkinson’s disease 
with deep brain stimulation: Current issues. Neural Regeneration 
Research, 10(7), 1018. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​4​​1​0​3​​/​1​6​​7​3​-​5​3​7​4​.​1​6​0​0​9​
4

Nachev, P., Kennard, C., & Husain, M. (2008). Functional role of 
the supplementary and pre-supplementary motor areas. Nature 
Reviews Neuroscience, 9(11), 856–869. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​
n​r​​n​2​4​7​8

Obeso, J. A., Marin, C., Rodriguez-Oroz, C., Blesa, J., Benitez-
Temiño, B., Mena-Segovia, J., Rodríguez, M., & Olanow, C. W. 
(2008). The basal ganglia in Parkinson’s disease: Current con-
cepts and unexplained observations. Annals of Neurology, 64(S2), 
S30–S46. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​a​n​​a​.​2​1​4​8​1

Paret, C., Kluetsch, R., Zaehringer, J., Ruf, M., Demirakca, T., Bohus, 
M., Ende, G., & Schmahl, C. (2016). Alterations of amygdala-
prefrontal connectivity with real-time fMRI neurofeedback in 
BPD patients. Social Cognitive and Affective Neuroscience, 
11(6), 952–960. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​s​c​​a​n​/​n​s​w​0​1​6

Park, C., Chang, W. H., Lee, M., Kwon, G. H., Kim, L., Kim, S. T., 
& Kim, Y.-H. (2015). Which motor cortical region best predicts 

Beaulieu-Boire, I., & Lang, A. E. (2015). Behavioral effects of 
levodopa. Movement Disorders, 30(1), 90–102. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​0​2​​/​m​d​​s​.​2​6​1​2​1

Bucur, M., & Papagno, C. (2023). Deep brain stimulation in Parkin-
son disease: A meta-analysis of the long-term neuropsychological 
outcomes. Neuropsychology Review, 33(2), 307–346. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​0​6​5​-​0​2​2​-​0​9​5​4​0​-​9

Buyukturkoglu, K., Rana, M., Ruiz, S., Hackley, S. A., Soekadar, S. 
R., Birbaumer, N., & Sitaram, R. (2013). Volitional regulation 
of the supplementary motor area with fMRI-BCI neurofeedback 
in Parkinson’s disease: A pilot study. In: 2013 6th International 
IEEE/EMBS Conference on Neural Engineering (NER), pp. 677–
681. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​0​9​​/​N​E​​R​.​2​0​1​3​.​6​6​9​6​0​2​5

Connolly, B. S., & Lang, A. E. (2014). Pharmacological treatment of 
Parkinson disease: A review. JAMA, 311(16), 1670–1683. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​1​​/​j​a​​m​a​.​2​0​1​4​.​3​6​5​4

de Hollander, G., Keuken, M. C., van der Zwaag, W., Forstmann, B. 
U., & Trampel, R. (2017). Comparing functional MRI protocols 
for small, iron-rich basal ganglia nuclei such as the subthalamic 
nucleus at 7 T and 3 T. Human Brain Mapping, 38(6), 3226–3248. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​h​b​​m​.​2​3​5​8​6

Fearnley, J. M., & Lees, A. J. (1991). Ageing and Parkinson’s disease: 
Substantia nigra regional selectivity. Brain, 114(5), 2283–2301. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​b​r​​a​i​n​/​1​1​4​.​5​.​2​2​8​3

Fenoy, A. J., & Simpson, R. K. (2014). Risks of common complica-
tions in deep brain stimulation surgery: Management and avoid-
ance. Journal of Neurosurgery. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​1​7​1​​/​2​0​​1​3​.​1​0​.​
J​N​S​1​3​1​2​2​5

Friston, K. J., Williams, S., Howard, R., Frackowiak, R. S. J., & 
Turner, R. (1996). Movement-related effects in fMRI time-series. 
Magnetic Resonance in Medicine, 35(3), 346–355. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​0​2​​/​m​r​​m​.​1​9​1​0​3​5​0​3​1​2

Ghandili, M., & Munakomi, S. (2023). Neuroanatomy, Putamen. In 
StatPearls. StatPearls Publishing. ​h​t​t​p​​:​/​/​​w​w​w​.​​n​c​​b​i​.​​n​l​m​.​​n​i​h​​.​g​o​​v​/​b​
o​o​k​s​/​N​B​K​5​4​2​1​7​0​/

Goebel, R. (2021). Chapter 2—Analysis methods for real-time fMRI 
neurofeedback. In M. Hampson (Ed.), fMRI Neurofeedback (pp. 
23–55). Academic Press. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​B​9​​7​8​-​​0​-​1​​2​-​8​2​​2​
4​​2​1​-​2​.​0​0​0​1​5​-​6

Haber, S. N. (2016). Corticostriatal circuitry. Dialogues in Clinical 
Neuroscience, 18(1), 7–21.

Hametner, E., Seppi, K., & Poewe, W. (2010). The clinical spectrum 
of levodopa-induced motor complications. Journal of Neurology, 
257(2), 268–275. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​4​1​5​-​0​1​0​-​5​7​1​9​-​9

Hampson, M., Scheinost, D., Qiu, M., Bhawnani, J., Lacadie, C. M., 
Leckman, J. F., Constable, R. T., & Papademetris, X. (2011). 
Biofeedback of real-time functional magnetic resonance imaging 
data from the supplementary motor area reduces functional con-
nectivity to subcortical regions. Brain Connectivity, 1(1), 91–98. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​9​​/​b​r​​a​i​n​.​2​0​1​1​.​0​0​0​2

Herz, D. M., Meder, D., Camilleri, J. A., Eickhoff, S. B., & Siebner, H. 
R. (2021). Brain motor network changes in Parkinson’s disease: 
Evidence from meta-analytic modeling. Movement Disorders, 
36(5), 1180–1190. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​m​d​​s​.​2​8​4​6​8

Kish, S. J., Shannak, K., & Hornykiewicz, O. (1988). Uneven pattern 
of dopamine loss in the striatum of patients with idiopathic Par-
kinson’s disease. Pathophysiologic and clinical implications. The 
New England Journal of Medicine, 318(14), 876–880. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​5​6​​/​N​E​​J​M​1​9​8​8​0​4​0​7​3​1​8​1​4​0​2

Kornhuber, H. H., & Deecke, L. (1965). Hirnpotentialänderungen bei 
Willkürbewegungen und passiven Bewegungen des Menschen: 
Bereitschaftspotential und reafferente Potentiale. Pflügers Archiv 
Für Die Gesamte Physiologie des Menschen und der Tiere, 
284(1), 1–17. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​4​1​2​3​6​4

Kühn, A. A., Tsui, A., Aziz, T., Ray, N., Brücke, C., Kupsch, A., Schnei-
der, G.-H., & Brown, P. (2009). Pathological synchronisation in 

1 3

https://doi.org/10.1016/j.expneurol.2008.11.008
https://doi.org/10.1016/j.expneurol.2008.11.008
https://doi.org/10.3390/ijms23031851
https://doi.org/10.1371/journal.pone.0038115
https://doi.org/10.1371/journal.pone.0038115
https://doi.org/10.1002/ana.23951
https://doi.org/10.1016/j.neurol.2021.08.004
https://doi.org/10.1016/j.neurol.2021.08.004
https://doi.org/10.1016/j.nicl.2018.06.009
https://doi.org/10.1016/j.nicl.2018.06.009
https://doi.org/10.1002/mds.29052
https://doi.org/10.1002/mds.29052
https://doi.org/10.3389/fnbeh.2015.00136
https://doi.org/10.1016/j.neuroimage.2018.09.007
https://doi.org/10.1016/j.neuroimage.2018.09.007
https://doi.org/10.4103/1673-5374.160094
https://doi.org/10.4103/1673-5374.160094
https://doi.org/10.1038/nrn2478
https://doi.org/10.1038/nrn2478
https://doi.org/10.1002/ana.21481
https://doi.org/10.1093/scan/nsw016
https://doi.org/10.1002/mds.26121
https://doi.org/10.1002/mds.26121
https://doi.org/10.1007/s11065-022-09540-9
https://doi.org/10.1007/s11065-022-09540-9
https://doi.org/10.1109/NER.2013.6696025
https://doi.org/10.1001/jama.2014.3654
https://doi.org/10.1001/jama.2014.3654
https://doi.org/10.1002/hbm.23586
https://doi.org/10.1002/hbm.23586
https://doi.org/10.1093/brain/114.5.2283
https://doi.org/10.1093/brain/114.5.2283
https://doi.org/10.3171/2013.10.JNS131225
https://doi.org/10.3171/2013.10.JNS131225
https://doi.org/10.1002/mrm.1910350312
https://doi.org/10.1002/mrm.1910350312
http://www.ncbi.nlm.nih.gov/books/NBK542170/
http://www.ncbi.nlm.nih.gov/books/NBK542170/
https://doi.org/10.1016/B978-0-12-822421-2.00015-6
https://doi.org/10.1016/B978-0-12-822421-2.00015-6
https://doi.org/10.1007/s00415-010-5719-9
https://doi.org/10.1089/brain.2011.0002
https://doi.org/10.1089/brain.2011.0002
https://doi.org/10.1002/mds.28468
https://doi.org/10.1056/NEJM198804073181402
https://doi.org/10.1056/NEJM198804073181402
https://doi.org/10.1007/BF00412364


Applied Psychophysiology and Biofeedback

development. NeuroImage: Clinical, 5, 245–255. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​1​6​​/​j​.​​n​i​c​l​.​2​0​1​4​.​0​7​.​0​0​2

Subramanian, L., Hindle, J. V., Johnston, S., Roberts, M. V., Husain, 
M., Goebel, R., & Linden, D. (2011). Real-time functional mag-
netic resonance imaging neurofeedback for treatment of Parkin-
son’s disease. Journal of Neuroscience, 31(45), 16309–16317. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​2​3​​/​J​N​​E​U​R​​O​S​C​​I​.​3​4​​9​8​​-​1​1​.​2​0​1​1

Tursic, A., Eck, J., Lührs, M., Linden, D. E. J., & Goebel, R. (2020). A 
systematic review of fMRI neurofeedback reporting and effects in 
clinical populations. NeuroImage: Clinical, 28, Article 102496. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​i​c​l​.​2​0​2​0​.​1​0​2​4​9​6

Tysnes, O.-B., & Storstein, A. (2017). Epidemiology of Parkinson’s 
disease. Journal of Neural Transmission, 124(8), 901–905. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​7​0​2​-​0​1​7​-​1​6​8​6​-​y

Uddin, L. Q., Nomi, J. S., Hébert-Seropian, B., Ghaziri, J., & Boucher, 
O. (2017). Structure and function of the human insula. Journal of 
Clinical Neurophysiology, 34(4), 300. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​W​
N​​P​.​0​0​0​0​0​0​0​0​0​0​0​0​0​3​7​7

Vila, M., Levy, R., Herrero, M.-T., Ruberg, M., Faucheux, B., Obeso, 
J. A., Agid, Y., & Hirsch, E. C. (1997). Consequences of nigros-
triatal denervation on the functioning of the basal ganglia in 
human and nonhuman primates: An in situ hybridization study of 
cytochrome oxidase subunit I mRNA. Journal of Neuroscience, 
17(2), 765–773. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​2​3​​/​J​N​​E​U​R​​O​S​C​​I​.​1​7​​-​0​​2​-​0​0​7​
6​5​.​1​9​9​7

Watkins, K. E., & Jenkinson, N. (2016). Chapter 8—The Anatomy of 
the Basal Ganglia. In G. Hickok & S. L. Small (Eds.), Neurobiol-
ogy of Language (pp. 85–94). Academic Press. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​1​6​​/​B​9​​7​8​-​​0​-​1​​2​-​4​0​​7​7​​9​4​-​2​.​0​0​0​0​8​-​0

Xie, F., Xu, L., Long, Z., Yao, L., & Wu, X. (2015). Functional con-
nectivity alteration after real-time fMRI motor imagery training 
through self-regulation of activities of the right premotor cortex. 
BMC Neuroscience, 16(1), 29. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​2​8​6​8​-​0​
1​5​-​0​1​6​7​-​1

Zweerings, J., Hummel, B., Keller, M., Zvyagintsev, M., Schneider, 
F., Klasen, M., & Mathiak, K. (2019). Neurofeedback of core 
language network nodes modulates connectivity with the default-
mode network: A double-blind fMRI neurofeedback study on 
auditory verbal hallucinations. NeuroImage, 189, 533–542. ​h​t​t​p​
s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​1​0​​​1​​6​​/​j​.​​n​e​u​r​​o​i​m​​​a​g​​e​.​​2​0​1​​9​.​0​1​.​0​5​8

Publisher's Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

imagined movement? NeuroImage, 113, 101–110. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​1​6​​/​j​.​​n​e​u​​r​o​i​​m​a​g​e​​.​2​​0​1​5​.​0​3​.​0​3​3

Pfurtscheller, G., & Berghold, A. (1989). Patterns of cortical activa-
tion during planning of voluntary movement. Electroencephalog-
raphy and Clinical Neurophysiology, 72(3), 250–258. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​1​3​-​4​6​9​4​(​8​9​)​9​0​2​5​0​-​2

Postuma, R. B., Berg, D., Stern, M., Poewe, W., Olanow, C. W., Oer-
tel, W., Obeso, J., Marek, K., Litvan, I., Lang, A. E., Halliday, 
G., Goetz, C. G., Gasser, T., Dubois, B., Chan, P., Bloem, B. R., 
Adler, C. H., & Deuschl, G. (2015). MDS clinical diagnostic 
criteria for Parkinson’s disease. Movement Disorders, 30(12), 
1591–1601. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​m​d​​s​.​2​6​4​2​4

Saleh, C., & Fontaine, D. (2015). Deep brain stimulation for psychi-
atric diseases: What are the risks? Current Psychiatry Reports, 
17(5), 33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​9​2​0​-​0​1​5​-​0​5​6​5​-​1

Scharnowski, F., Veit, R., Zopf, R., Studer, P., Bock, S., Diedrichsen, J., 
Goebel, R., Mathiak, K., Birbaumer, N., & Weiskopf, N. (2015). 
Manipulating motor performance and memory through real-time 
fMRI neurofeedback. Biological Psychology, 108, 85–97. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​i​o​​p​s​y​​c​h​o​.​​2​0​​1​5​.​0​3​.​0​0​9

Sitaram, R., Ros, T., Stoeckel, L., Haller, S., Scharnowski, F., Lewis-
Peacock, J., Weiskopf, N., Blefari, M. L., Rana, M., Oblak, E., 
Birbaumer, N., & Sulzer, J. (2017). Closed-loop brain training: 
The science of neurofeedback. Nature Reviews Neuroscience, 
18(2), 86–100. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​r​​n​.​2​0​1​6​.​1​6​4

Sonne, J., Reddy, V., & Beato, M. R. (2024). Neuroanatomy, Substan-
tia Nigra. In StatPearls [Internet]. StatPearls Publishing. ​h​t​t​p​​s​:​/​​/​
w​w​w​​.​n​​c​b​i​​.​n​l​m​​.​n​i​​h​.​g​​o​v​/​b​o​o​k​s​/​N​B​K​5​3​6​9​9​5​/

Sorger, B., Kamp, T., Weiskopf, N., Peters, J. C., & Goebel, R. (2018). 
When the brain takes ‘BOLD’ steps: Real-time fMRI neurofeed-
back can further enhance the ability to gradually self-regulate 
regional brain activation. Neuroscience, 378, 71–88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​​r​o​s​​c​i​e​n​​c​e​​.​2​0​1​6​.​0​9​.​0​2​6

Sorger, B., Scharnowski, F., Linden, D. E. J., Hampson, M., & Young, 
K. D. (2019). Control freaks: Towards optimal selection of con-
trol conditions for fMRI neurofeedback studies. NeuroImage, 
186, 256–265. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​​r​o​i​​m​a​g​e​​.​2​​0​1​8​.​1​1​.​0​0​4

Stoeckel, L. E., Garrison, K. A., Ghosh, S. S., Wighton, P., Hanlon, C. 
A., Gilman, J. M., Greer, S., Turk-Browne, N. B., deBettencourt, 
M. T., Scheinost, D., Craddock, C., Thompson, T., Calderon, V., 
Bauer, C. C., George, M., Breiter, H. C., Whitfield-Gabrieli, S., 
Gabrieli, J. D., LaConte, S. M., … Evins, A. E. (2014). Optimiz-
ing real time fMRI neurofeedback for therapeutic discovery and 

1 3

https://doi.org/10.1016/j.nicl.2014.07.002
https://doi.org/10.1016/j.nicl.2014.07.002
https://doi.org/10.1523/JNEUROSCI.3498-11.2011
https://doi.org/10.1523/JNEUROSCI.3498-11.2011
https://doi.org/10.1016/j.nicl.2020.102496
https://doi.org/10.1016/j.nicl.2020.102496
https://doi.org/10.1007/s00702-017-1686-y
https://doi.org/10.1007/s00702-017-1686-y
https://doi.org/10.1097/WNP.0000000000000377
https://doi.org/10.1097/WNP.0000000000000377
https://doi.org/10.1523/JNEUROSCI.17-02-00765.1997
https://doi.org/10.1523/JNEUROSCI.17-02-00765.1997
https://doi.org/10.1016/B978-0-12-407794-2.00008-0
https://doi.org/10.1016/B978-0-12-407794-2.00008-0
https://doi.org/10.1186/s12868-015-0167-1
https://doi.org/10.1186/s12868-015-0167-1
https://doi.org/10.1016/j.neuroimage.2019.01.058
https://doi.org/10.1016/j.neuroimage.2019.01.058
https://doi.org/10.1016/j.neuroimage.2015.03.033
https://doi.org/10.1016/j.neuroimage.2015.03.033
https://doi.org/10.1016/0013-4694(89)90250-2
https://doi.org/10.1016/0013-4694(89)90250-2
https://doi.org/10.1002/mds.26424
https://doi.org/10.1007/s11920-015-0565-1
https://doi.org/10.1016/j.biopsycho.2015.03.009
https://doi.org/10.1016/j.biopsycho.2015.03.009
https://doi.org/10.1038/nrn.2016.164
https://www.ncbi.nlm.nih.gov/books/NBK536995/
https://www.ncbi.nlm.nih.gov/books/NBK536995/
https://doi.org/10.1016/j.neuroscience.2016.09.026
https://doi.org/10.1016/j.neuroscience.2016.09.026
https://doi.org/10.1016/j.neuroimage.2018.11.004

	﻿Basal ganglia as an fMRI motor neurofeedback target in Parkinson’s disease
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Participants
	﻿Healthy cohort study
	﻿Patient cohort study


	﻿Experimental design


